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Abstract

Iron deficiency chlorosis (IDC) in soybeans has proven to be a perennial problem in the calcareous soils of the U.S. upper Midwest. A his-
torically difficult trait to study in fields, the use of hydroponics in a controlled greenhouse environment has provided a mechanism to study
genetic variation while limiting environmental complications. IDC susceptible plants growing in calcareous soils and in iron-controlled hydro-
ponic experiments often exhibit a characteristic chlorotic phenotype early in the growing season but are able to re-green later in the season. To
examine the changes in gene expression of these plants, near-isogenic lines, iron efficient PI548553 (Clark) and iron inefficient PI547430
(IsoClark), developed for their response to iron deficiency stress [USDA, ARS, National Genetic Resources Program, Germplasm Resources
Information Network e GRIN. (Online Database) National Germplasm Resources Laboratory, Beltsville, MD, 2004. Available: http://www.ars.
grin.gov/cgi-bin/npgs/html/acc_search.pl?accid¼PIþ547430. [22] were grown in iron-deficient hydroponic conditions for one week, then trans-
ferred to iron sufficient conditions for another week. This induced a phenotypic response mimicking the growth of the plants in the field; initial
chlorosis followed by re-greening. RNA was isolated from root tissue and transcript profiles were examined between the two near-isogenic lines
using publicly available cDNA microarrays. By alleviating the iron deficiency stress our expectation was that plants would return to baseline
expression levels. However, the microarray comparison identified four cDNAs that were under-expressed by a two-fold or greater difference
in the iron inefficient plant compared to the iron efficient plant. This differential expression was re-examined and confirmed by real time
PCR experimentation. Control experiments showed that these genes are not differentially expressed in plants grown continually under iron
rich hydroponic conditions. The expression differences suggest potential residual effects of iron deficiency on plant health.
� 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Iron deficiency chlorosis (IDC) results in substantial yield
loss throughout the upper Midwestern farmlands each year.
The high pH of calcareous soils hinders the formation of the
Feþ2 ion required for plant uptake. With little to no biologi-
cally available iron, plants develop a characteristic interveinal
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chlorotic patterning of the leaf tissue. If iron-deficient growth
conditions are not alleviated, the plant will suffer from stunted
growth and reduced yield [9]. Often, the chlorotic phenotype
appears early in the growing season and disappears as the
plants continue to grow and mature throughout the growing
season [11]. Long lasting effects of periods of iron deficiency
stress can be observed in the decreased yield of plants that suf-
fered from iron limiting conditions early in the growing sea-
son. This carryover effect of brief periods of iron deficiency
stress on yield suggests that the genetic changes occurring
d.
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early in the plant development have a continuing effect later in
the plants’ life cycle.

Quantitative trait phenotypes are a result of the combined
effect of environmental and genetic factors. IDC is an ex-
tremely quantitative trait with a large environmental compo-
nent that makes traditional field studies problematic [5, 7,
14]. However, previous IDC studies have identified a hydro-
ponics system that allows plants to be grown in a manner,
whereby the environment is controlled. In replicated trials,
the same iron deficiency QTLs are identified in soybean
plants grown hydroponically and in field studies [14]. There-
fore, this hydroponics system has proven to be a reliable
method to examine gene expression of soybean plants suffer-
ing from iron deficiency chlorosis [14].

In this study we examined the gene expression profiles of
iron efficient and iron inefficient near-isogenic lines (NILs)
grown in the hydroponics system. After one week in hydro-
ponic iron-deficient conditions, at which point differential
chlorosis was observed between the iron efficient and inef-
ficient NILs, plants were transferred to iron sufficient condi-
tions for one week, after which both iron efficient and
inefficient plants appeared green and healthy. Manipulation
of the iron content of the hydroponics system allowed us
to mirror the phenotypic response of plants in the field.
Transcripts with altered expression levels between iron effi-
cient and iron inefficient plants may be indicative of the
long residual effects of iron deficiency on soybean plant
health.

2. Results

Transcript levels of near-isogenic soybeans, iron efficient
Clark (PI548533) and iron inefficient IsoClark (PI547430)
were compared by microarray analysis. Plants were grown in
hydroponics under iron limiting conditions (50 mM Fe
(NO3)3) for one week, at which time the inefficient line ex-
pressed a chlorotic phenotype (Fig. 1). Plants were then trans-
ferred to iron sufficient conditions (100 mM Fe(NO3)3) for one
week, at which time both genotypes were equally green. RNA
was then extracted from root tissue of both iron efficient and
iron inefficient plants. The RNA was fluorescently labeled
and hybridized to cDNA microarray slides containing 9728
cDNAs [25] in a balanced dye swap design. A comparison
of four biological replicates, with two technical replicates
each, for a total of eight microarray hybridizations, revealed
four genes exhibiting directionally consistent differential ex-
pression on six arrays. These four genes exceeded a two-fold
difference of expression between the two genotypes on six
of the eight slides (Table 1). All four of the transcripts showed
reduced expression levels in the iron inefficient plants in com-
parison to the iron efficient plants.

As a control, NILs grown in iron sufficient hydroponic solu-
tions (100 mM Fe(NO3)3) for two weeks were also harvested
and analyzed on cDNA slides containing the 9728 genes above,
plus an additional 9272 genes. A comparison of three biological
replicates with two technical replicates apiece, for a total of six
total hybridizations, was analyzed. Using the same stringency
levels as the iron recovery experiment, directionally consistent
differential expression on six arrays, we observed no differen-
tial expression between the two near-isogenic lines grown con-
tinually under iron sufficient conditions for any of the 9728
genes examined in the iron recovery experiment or any of the
9272 additional genes analyzed. However, if stringency levels
are lowered to five of six arrays, a small number of genes differ-
entially expressed between the two lines are observed. The four
genes identified in this experiment were not among that group
(see supplemental data at http://soybase.org/publication_data/
ORourke/IronStressRecovery/index.html). The lack of differ-
ential expression between the iron efficient and inefficient
plants grown under continual iron sufficient conditions has
also been observed in an Affymetrix gene chip experiment
(O’Rourke and Shoemaker, unpublished data). Thus, the differ-
ential expression seen under the iron recovery conditions is
likely a result of the NILs’ differential response to the changing
iron environment.

The expression patterns identified in the microarray exper-
iment were confirmed by reverse transcriptase real time PCR
(RT-PCR) (Table 1). As observed with the microarray data,
iron inefficient plants had lower expression levels than iron ef-
ficient plants (see example, Fig. 2, Table 1). Dissociation curve
analysis confirmed that the RT-PCR reaction amplified a single
product for each NIL/gene combination. However, a shift in
melting temperature between the iron efficient and iron ineffi-
cient plants for the asparagine aminohydrolase gene encoded
by Gm-c1028-5479 (Fig. 3) suggests sequence differences in
the coding region for the gene.

The GenBank accessions of the four EST sequences differ-
entially expressed under the iron recovery conditions were
queried against The Institute for Genomic Research (TIGR)

Fig. 1. Differential chlorosis of iron efficient (Clark) and iron inefficient (Iso-

Clark) grown in 50 mM Fe(NO3)3 hydroponic conditions. Chlorosis patterning

of iron efficient and iron inefficient plants grown in hydroponics system under

50 mM Fe(NO3)3. Note the severe interveinal chlorotic response of the iron

inefficient plant (Isoclark) compared to the iron efficient plant (Clark). The

differential chlorosis response suggests that while the plants have been sub-

jected to the same treatments, they have different tolerances or responses to

low iron conditions.

http://soybase.org/publication_data/ORourke/IronStressRecovery/index.html
http://soybase.org/publication_data/ORourke/IronStressRecovery/index.html


289J.A. O’Rourke et al. / Plant Physiology and Biochemistry 45 (2007) 287e292
Table 1

Expression levels and annotations for each of the four differentially expressed ESTs identified from plants grown under iron recovery hydroponic growth conditions

EST designation Federated ratio TIGR TC UniProt annotation E-value RT-PCR cycle

differences

Fold-change in

gene expression

Gm-c1028-8295 0.284 Singleton Hypothetical 2e�25 1.30 3

Gm-c1028-7992 0.299 TC221258 Ribophorin 6e�85 1.84 4

Gm-c1028-6182 0.290 TC209369 Protein Kinase 2e�44 1.02 2

Gm-c1028-5479 0.298 TC217977 Asparagine aminohydrolase 1e�61 8.53 256

The level of differential expression is designated by the federated ratio, which is calculated by adding all inefficient expression levels together and dividing by the

sum of efficient expression levels. Ratios below a 0.5 indicate a two-fold or greater expression level difference between the iron inefficient genotype and iron

efficient genotype. In all cases expression levels in the inefficient genotype were less than expression levels in the efficient genotype. To provide a functional

annotation of the EST sequence, the TIGR TC containing the Glycine max EST was identified and a tBLASTx was performed on the TIGR TC against the UniProt

database. The E-value represents the similarity between the UniProt annotation and the TIGR TC sequence. The RT-PCR cycle difference is the difference of the

NILs amplification of the target transcript in crossing the amplification threshold after normalization with tubulin. The fold-change in gene expression is the cal-

culated change of the expression difference of the target transcript between the two NILs as represented by the difference in amplification.
soybean gene index (Version 12.0 [17]) to identify the tenta-
tive consensus (TC) sequence containing the EST of interest.
BLASTX [1] was used to compare the TCs to the Uniref100
protein database (February 2006 [2]) and assign putative func-
tion (Table 1). In addition, the TCs were queried against an
in-house database of stress-induced genes collected from the
literature. Of the four TCs, only one showed any homology
to other stress-induced genes. This dissimilarity reinforces
the idea that these genes are involved in the recovery process
of iron deficiency. The gene showing similarity to other stress-
induced genes, Gm-c1028-6182, was part of a TIGR TC with
a UNIREF annotation of a transmembrane protein kinase
receptor.
3. Discussion

Iron deficiency stress is known to reduce yield of soybeans
even though no visual indication of iron chlorosis can be
observed. In this study we identified four genes differentially
expressed between the two near-isogenic lines after a return
to iron sufficient conditions and a return to normal green phe-
notypes. These four genes were not differentially expressed
under iron-deficient conditions (O’Rourke et al., unpublished
data) nor do they represent constitutive differences between
the NILs grown under iron sufficient growth conditions.

The three genes with putative functional annotations can be
ascribed hypothetical roles in iron deficiency-related
Fig. 2. Amplification plot of Gm-c1-28-5479. Fluorescence levels of SYBR Green covalently bound to the amplicon represented by Gm-c1028-5479. Confirming

the microarray results, the expression level of the gene is lower in the Fe-inefficient line than in the Fe-efficient plant. In this case, the difference in Ct values is 8.53

cycles, which translates to a 256-fold difference. This is a greater change in expression levels between Fe-efficient and Fe-inefficient lines than seen in the micro-

array. It is possible that the microarray was examining expression levels of multiple members of the same gene family, while the RT-PCR is only examining the

expression level of one family member.
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Fig. 3. Dissociation curve of Gm-c1028-5479. Fluorescence levels associated with the melting temperature of the amplicon of Gm-c1028-5479. The shift in

melting temperatures between iron efficient and iron inefficient lines suggests that the gene product of Gm-c1028-5479 is genotype dependent. The single

peak generated by the degradation of each amplicon confirm only one gene product was amplified for each genotype, reaffirming the sensitivity of the

RT-PCR. The different product sizes would suggest that this gene is an excellent candidate for further study in iron efficiency work.
processes. GmTC221258 had a UNIREF annotation of a ribo-
phorin protein (Table 1). Ribophorin proteins are a subunit of
the greater oligosaccharyltransferase (OST), which is involved
in the glycosylation of proteins entering the endoplasmic retic-
ulum [13, 16]. The ribophorin proteins I and II are thought to
be essential components of the OST [13, 16] serving to cross-
link the 60 s ribosomal subunit to the endoplasmic reticulum
to form the rough ER [18]. The under-expression of this
gene in iron inefficient plants compared to iron efficient plants
may indicate the production of membranes and vesicles in iron
inefficient plants have not yet, and may never, return to the
levels seen in iron efficient plants subjected to the same envi-
ronmental conditions.

The transmembrane protein kinase identified by GmTC209369
may be serving as a receptor protein, possibly recognizing iron
availability or other environmental cues [23]. The kinase would
then phosphorylate a secondary signaling molecule to initiate
a cascade of responses, including root to shoot signaling [19],
depending on the amount of iron present. Kinase phosphoryla-
tion often serves as a signal to initiate a signaling cascade within
the cell. In rice, the over-expression of a transmembrane protein
kinase has been shown to induce aluminum tolerance [19]. This
mechanism could easily be extended to involve kinase activity in
other heavy metal responses. Genes with sequences highly ho-
mologous to GmTC209369 have been shown to be differentially
expressed under phosphate stress [10] and other forms of abiotic
stress [3, 12].

The UNIREF annotation of GmTC217977 suggests that
this gene encodes an asparagine aminohydrolase. Asparagi-
nase activity has been shown to provide ammonia as a nitro-
gen source for all nitrogen containing compounds within the
cell. The enzymatic activity has been shown to be upregu-
lated during protein synthesis [4, 15]. Activity levels of as-
paraginase are highest in roots and nodules [20] so it is
not surprising the expression levels of asparagine aminohy-
drolase would be differentially expressed in the root systems
of iron efficient and inefficient plants. Differential expression
of the asparagine aminohydrolase suggests that the protein
synthesis and nitrogen metabolism pathways in the iron inef-
ficient plant have not returned to the production levels of the
iron efficient plant.

The real time PCR confirmation experiments detected
greater differential expression between the NILs than was ob-
served with the microarray. This may be because the microar-
ray analysis, through hybridization, reflects the expression
level of multiple members of a gene family while the RT-
PCR is specific to the individual family member represented
by the EST sequence.

The dissociation analysis of Gm-c1028-5479 revealed se-
quence dissimilarity between the iron efficient and iron ineffi-
cient lines. Both genotypes amplified only one PCR product,
as shown by the single peak of the dissociation curve
(Fig. 3). However, the shift in melting temperatures between
the two genotypes suggests that the sequence of the asparagine
aminohydrolase gene is longer in the iron inefficient plant than
in the iron efficient plant. Alternatively, the near-isogenic lines
may have different GC concentrations in the region of the gene
being transcribed, or, much less likely, we may be amplifying
different members of the same gene family. That the gene
encoded by Gm-c1028-5479 appears to have a genotype-
dependent coding region makes this gene an excellent candi-
date for further examination in its role of iron efficiency.
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The four candidate genes identified by microarray analysis
in this study are excellent candidate genes to study the long-
term effects of iron deficiency on soybean. The induction of
these genes after returning to an iron sufficient environment
suggests that these genes may be directly involved in utilizing
available iron. The sequence differences in the asparagine
aminohydrolase gene suggested by the RT-PCR dissociation
curve suggests that different members of the same gene family
may be differentially transcribed in different genotypes possi-
bly resulting in different activity levels within the plants. The
lower expression levels of these genes in iron inefficient plants
suggests that they may not reach expression levels achieved by
iron efficient plants. This reduced expression pattern may re-
flect reduced activity levels, which, speculating, could explain
the reduced yield often seen from plants experiencing iron de-
ficiency chlorosis early in the growing season. This study has
identified a small subset of the genes likely involved in this
complicated metabolic process. In the future, experiments us-
ing larger arrays such as the Affymetrix gene chip may help to
identify additional candidate genes.

4. Methods

4.1. Plant growth conditions

Near-isogenic soybean lines, PI548533 ‘Clark’ and
PI547430 ‘IsoClark’ [22] were grown in the Ames, IA,
USDA greenhouse under 16 h photoperiods. Plants were ger-
minated in sterile vermiculite with distilled deionized water.
After one week they were transferred to a DTPA nutrient buff-
ered hydroponics system [6] containing all minerals necessary
for normal growth with iron being the only limiting component.
Specifically, each 10 L system contained 2 mM MgSO4*7H2O,
3 mM Mg(NO3)2*6H2O, 2.5 mM KNO3, 1 mM CaCl2*2H2O,
4.0 mM Ca (NO3)2*4H2O, 0.020 mM KH2PO4, 542.5 mM
KOH, 217 mM DTPA, 1.52 mM MnCl2*4H2O, 4.6 mM
ZnSO4*7H2O, 2 mM CuSO4*5H2O, 0.20 mM NaMoO4*2H20,
1 mM CoSO4*7H2O, 1 mM NiSO4*6H2O, 10 mM H3BO3, and
20 mM HCO3. A pH of 7.8 was maintained by the aeration
of a 3% CO2:air mixture to each 10 L system. To induce iron
deficiency, plants were limited with 50 mM Fe(NO3)3 for one
week after which the iron level was increased to a non-limiting
100 mM Fe(NO3)3. NILs also were grown constitutively at
100 mM Fe(NO3)3, as controls. A supplemental nutrient solu-
tion containing 16 mM potassium phosphate, 0.287 mM boric
acid and 355 mM ammonium nitrate was added daily to all
plants to maintain proper plant nutrition. As further visual con-
trols and to ensure that chlorosis was due to iron deficiency
stress, A15, an iron efficient plant and T203, iron inefficient
plant, were also included with each experimental replication.
At the end of this period plants were at the V3 stage [8].

4.2. RNA extraction and microarray hybridizations

The iron recovery experiment was comprised of four bio-
logical replicates, each with two technical replicates for a total
of eight hybridizations. Samples were hybridized to a spotted
slide containing 9728 cDNAs from Gm-c libraries 1021 and
1083, which are root specific. Gene expression patterns of
plants for the control experiment were compared across three
biological replicates, with two technical replicates apiece, for
a total of six hybridizations. Samples for the control plants
were hybridized to spotted slides containing the 9728 cDNAs
present on the experimental slides plus an additional 9272
cDNAs. The additional genes allowed for a more global anal-
ysis of known root transcripts to determine if there are any in-
herent genetic differences between the near-isogenic lines.

Total RNA was extracted from root tissue of iron recovery
plants using a modified phenol chloroform extraction with
a lithium chloride precipitation protocol as set forth by the
NSF Soybean Microarray Workshop in May of 2000 [24].
Samples were composed of root tissue from four individual
plants, all grown in the same hydroponic unit. Samples were
further purified using RNeasy kits from Qiagen. RNA was ex-
tracted from iron sufficient control plants following the RNA
extraction protocol of the Qiagen RNeasy kits. For both
methods, each sample yielded 180 mg of purified RNA,
90 mg of purified RNA for each cDNA array of the dye swap-
ped slides.

Purified RNA samples were split into 90 mg aliquots and
heated with oligo dT for 10 min. A total of 20 mL of 1� buffer,
10 mM DTT, 500 mM low T dNTPs, 100 mM Cy3 or Cy5
(Amersham Biosciences), and 13 units/mL SuperScriptII (Invi-
trogen) were added to each sample then placed at 42 �C for 2 h.
Remaining RNA was degraded with an RnaseA/H treatment.
Labeled Clark and IsoClark cDNA samples were mixed in a bal-
anced dye swap design labeled with PolyA DNA and hybrid-
ized for 18 h at 42 �C. After overnight hybridizations, slides
were washed (wash 1: 1� SSC, 0.2% SDS, wash 2: 0.2�
SSC, 0.2% SDS, wash 3: 0.1� SDS) to remove unbound
cDNAs. Slides were scanned with ScanArray Express (Strata-
gene) and resulting images were overlaid and spots identified
by the ImaGene program. An analysis program developed at
the University of Illinois [21] was used to identify differentially
expressed cDNAs. For our purposes, differential expression is
defined as a minimum of a two-fold over or under-expression
of the cDNA in IsoClark relative to Clark.

4.3. Real time PCR

For the RT-real time PCR experiments 200 ng of RNA ex-
tracted from root tissue served as initial template for each sam-
ple. Primers were designed based on available EST sequences
from GenBank to produce 250 bp amplicons. Primer sequences
were as follows: Gm-c1028-8295: F: GGCCACCATGTAAC
TTATTC, R: ACTGGCATTGCTGATTGACA; Gm-c1028-
7992: F: CACTGTTAAATTGCCTGATGC, R: CTCGCACCA
ACTCTTTAGC; Gm-c1028-6182: F: CAGTGGGAAAGAAT
CTTGTCAC, R: GCCATATTCACTGAGAGGTTAC; Gm-
c1028-5479: F: GACATTCCAAGGTTGCGTAGGC, R: CG
CCATTTCTGTTTCGCTTATGG; tubulin: F: CAATTGGAGC
GCATCAAT, R: ATACACTCATCAGCATTCTC. Stratagene’s
brilliant qRT-PCR kit was used with each 25 mL reaction
assembled as described by the Stratagene instruction manual
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(Catalog #600532) with 2.5 mL of 50 mM MgCl2, and 2 mL of
50 nM F and R primers. Cycling protocols consisted of a 45 min
at 42 �C, 10 min at 95 �C, 40 cycles of 30 s at 95 �C, 1 min at
62 �C, and 30 s at 72 �C. The PCRs were run in the Stratagene
Mx3000P followed by a dissociation curve, taking a fluorescent
reading at every degree between 55 �C and 95 �C to ensure only
one PCR product was amplifying. The Stratagene analysis sys-
tem established a threshold fluorescence level where amplicon
fluorescence levels were statistically higher than background
fluorescence; this threshold level is referred to as the Ct value,
the cycle at which the samples fluorescence is above threshold.
As controls, a passive reference dye was added to each sample,
to ensure recorded fluorescence levels were due to SYBR green
incorporation. Additionally, each sample was also run in tripli-
cate and each sample was also normalized against tubulin am-
plification, see primers above, to ensure the differential
expression was not due to differing amounts of initial RNA tem-
plate added to each sample. To be considered differentially ex-
pressed, the iron efficient and iron inefficient plants at the same
time point had to differ in where they crossed the fluorescence
threshold by more than one cycle.

Dissociation analyses of RT-PCR products were conducted
by measuring fluorescence levels between 55 �C and 95 �C on
a Stratagene MX3000P.
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